A mid-gut microbiota is not required for the pathogenicity of Bacillus 2 thuringiensis to diamondback moth larvae. hosts were not susceptible to B. thuringiensis (Bt) and that inoculation with mid-4 gut bacteria restores pathogenicity. These claims are controversial because 5 larvae were rendered aseptic by consuming antibiotics, although the effect of 6 these antibiotics on Bt was not examined. We tested the generality of the mid-gut 7 bacteria hypothesis in the diamondback moth, Plutella xylostella using properly 8 controlled experiments that investigated the effect of antibiotic consumption and 9 absence of gut microbiota separately. We found that purified Bt toxin and 10 spore/toxin mixtures were fully pathogenic to larvae reared aseptically. 11 Cyt proteins (Schnepf et al., 1998). Bt toxin genes have been widely incorporated into 5 genetically modified insect resistant crops (ISAAA, 2007) but are also widely 6 exploited as biopesticides with target hosts ranging from mosquitoes to lepidopteran 7 pests of horticulture and foresty (Glare and O'Callaghan, 2000). Although the 8 structure and mode of action of Bt Cry toxins has been intensively researched, the 9 biology and ecology of the bacterium is not fully characterized (Jensen et al., 2003; 10 Raymond et al., 2008a). Disagreement on the biology of Bt extends to the exact 11 mechanism responsible for the death of the host. A purely toxin based hypothesis 12
suggests that the action of predominantly Cry toxins paralyses the mid-gut and leads 13 to eventual death by starvation (Knowles, 1994) . Alternatively, Cry toxins cause 14 extensive cell lysis in the mid-gut that allows bacteria access to the haemolymph, thus 15 rapid vegetative growth of Bt within the host (septicaemia) is proposed as an 16 alternative cause of death (Schnepf et al., 1998) . 17
Results

23
Toxicity of purified Bt Cry1Ac protoxin in aseptic and conventionally reared larvae 24
If strain attenuation had affected the pathogenicity of Bt biopesticides in 23 aseptic hosts then WT and host passaged strains should incur higher mortality rates 24 than the biopesticide strains in the absence of any gut microbiota. In addition, if the 25 gut microbiota hypothesis is general none of the nine isolates in this experiment 1 should be pathogenic to these hosts. We found neither of these patterns. The passaged 2 rifampicin resistant (rif R ) strains were highly pathogenic to aseptic, rifampicin treated 3 P. xylostella and there were clear differences in the mortality imposed by the three 4 groups of stains (binomial glm F 2,23 = 77.1, P < 0.0001; Figure 1 ). Comparisons 5 (using post hoc treatment contrasts) between these groups of strains showed that the 6 rif R strains were more pathogenic than either the WT (t = 8.68, P < 0.0001) or the 7 biopesticide strains (t = 5.26, P < 0.0001) (Figure 1 ). Overall, strains isolated from 8 similar sources had similar pathogenicity, i.e. there was no significant effect of 9 pooling strains into their three groups (biopesticides, wild-type, and passaged strains) 10 (F 9,21 = 1.08, P = 0.47). Bioassay dose had a strong effect on larval mortality (F 1,25 = 11 9.72, P < 0.0001) and increasing bioassay doses had less effect on the pathogenicity 12 of WT and biopesticide strains (dose X strain interaction F 2,21 = 7.20, P = 0.004). either rifampicin in larval diet was persisting in larval hosts and inhibiting Bt 19 pathogenicity or culturable mid-gut microbiota are required for the pathogenicity of 20 both WT and biopesticide strains but not the recently passaged rif R strains. We 21 conducted two full factorial experiments with different isolates of Bt to tease apart 22 these explanations and to test whether the absence of gut microbiota or treatment with 23 antibiotics was responsible for inhibiting the pathogenicity of a proportion of Bt 24 strains. These experiments used both antibiotic sensitive and rif R strains of Bt HD-73 25
and Bt HD-1 strains. In these experiments the majority of larvae died by the end of 1 the five-day observation period and survival data was analysed using a Cox 2 proportional hazard model. As above, all treatments were replicated at three doses of 3
Bt with approximately 30 larvae per dose. The experiments with HD1 and HD73 4 used the same generation of insects, however, the HD1 experiment was initiated a 5 week earlier with second instar larvae; the HD73 experiment used third instar larvae. 6 7 In both experiments antibiotic sensitive strains of Bt were pathogenic to larvae reared 8 aseptically without antibiotics (Fig. 2, Fig. 3 ), and there was no evidence that absence 9 of a culturable gut microbiota was inhibiting the pathogenicity of this bacterium. In 10 contrast, we did find evidence that carry-over of antibiotics in hosts could affect the 11 pathogenicity of Bt: larval consumption of rifampicin substantially reduced the 12 pathogenicity of all antibiotic sensitive strains, but did not reduce the mortality of the 13 rif R strains (HD-1 experiment: strain*diet interaction df = 1, residual df = 824, χ 2 = 14 250, P << 0.001; HD-73 experiment: strain*diet interaction df = 1, residual df = 761, 15 χ 2 = 37, P << 0.001). 16
The effect of inoculation with Enterobacter sp. Mn2 was different in the two 17 experiments. In the HD-1 experiment the presence of Enterobacter sp. Mn 2 had a 18 small but significant effect on reducing the pathogenicity of both the rifampicin 19 susceptible and the rif R strain (df = 1, residual df = 824, χ 2 = 6.0, P = 0.014; Fig 2) . 20
Note that the survivorship analysis can only differentiate between treatments when 21 mortality is below 100%. However, inoculation with Enterobacter sp. Mn2 did not 22 alter the pathogenicity of Bt HD-73 (df = 1, residual df = 763, χ 2 = 0.1, P = 0.8, Fig.  23 3). Bioassay dose affected mortality rates in the HD-1 experiment and interacted with 24 pathogen strain (df = 1, residual df = 824, χ 2 = 156.2, P < 0.0001) but not 25 1 application of rifampicin (df = 1, residual df = 822, χ 2 = 1.54, P = 0.12). In the HD-2 73 experiment dose also significantly affected mortality (χ 2 = 8.5, P <0.0001) but did 3 not interact with bacterial strain (df = 1, residual df = 759, χ 2 = 1.7, P = 0.2) or 4
Enterobacter sp. Mn2 inoculation (df = 1, residual df = 760, χ 2 = 1.1, P = 0.3) but did 5 interact with rifampicin consumption (df = 1, residual df = 761, χ 2 = 7.2, P = 0.007). 6
7
We examined control insects from the first two bacterial bioassays for the presence of 8 culturable strains (using high-nutrient LB agar) and unculturable bacteria (using PCR 9 amplification of 16S rRNA genes). Larvae were removed at the end of the 10 experiment for DNA extraction, in order to maximize the probability of recovering 11 contaminants. Homogenized whole larvae from both the antibiotic-free and 12 rifampicin-diet rearing treatments failed to produce any bacterial colonies when plated 13 on LB media (n=10 per treatment). In contrast, 60% of whole insect homogenates 14 from larvae inoculated with Enterobacter sp. Mn2 contained detectable culturable 15 levels of this bacterium ranging 0 -3x10 3 CFU per insect on antibiotic free diet and 0 16 -4x10 1 CFU per insect on rifampicin diet, although there was no significant 17 difference between diet treatments (df = 13, t = 1.46, P = 0.17). PCR conditions that 18
were sufficiently sensitive to amplify a product from 40 pg of Enterobacter sp. Friedman, 1971), failed to amplify a product from larvae reared-aseptically on 21 antibiotic-free diet. We could, however, recover visible PCR products from 5/8 22 aseptically-reared larvae that were experimentally inoculated with Enterobacter sp. 23
Mn2. 24
Discussion
3
We have shown that both Bt toxins and spore/toxin mixtures are pathogenic in 4 the absence of midgut bacteria when carry-over effects of antibiotic are excluded by 5 using aseptically reared hosts. In addition we have shown that antibiotic sensitive Bt 6 strains are much less pathogenic to hosts that have ingested a single antibiotic 7 (rifampicin) but antibiotic resistant strains of Bt are not affected in this way. 8 Therefore in P. xylostella larvae, pathogenicity of Bt or one of its toxins does not 9 depend upon the culturable gut microbiota. For one strain of Bt (HD-1), and for pure 10 toxin preparations, the presence of culturable gut microbiota led to a small but 11 significant reduction in host mortality, implying that the gut microbiota confers some 12 protection against pathogen attack, as found in other vertebrates and invertebrate hosts 13 for their data. Just one of the antibiotics they used to produce aseptic larvae 9 (rifampicin) was sufficient to drastically reduce the pathogenicity of Bt in this study. 10
Given our results and the fact that orally fed antibiotics can persist in the tissues and 11 haemolymph of lepidopteran larvae (Sikorowski and Thompson, 1985) ; it is plausible 12 that the direct effects of antibiotics, and not the absence of the gut microbiota, account 2008b). In one of these studies antibiotic production was associated with the 7 suppression of natural gut microbiota and domination of the gut community by 8
Bacillus cereus (Raymond et al., 2008b) . Gut microbiota suppression via in vivo 9
antibiotic production was therefore implicated in the increased pathogenicity of Bt. 10
This pattern ties in neatly with the results presented here on the protective role of the 11 culturable gut microbiota. In other words suppression of the intestinal microbiota 12 would seem to be a sound evolutionary strategy for Bt: it may increase the mortality 13 rates of hosts and also reduce the number of competitors within any resulting cadaver. rRNA genes using the universal primers 63f (5'-CAG GCC TAA CAC ATG CAA 20 GTC-3') and 518r (5'-GTA TTA CCG CGG CTG CTG-3') (Genbank accession 21 number FJ668636). 22
The Geneva P. xylostella strain was used in all artificial diet experiments (purchased 1 from CEH Oxford UK). The parents of all aseptically reared larvae were reared on a 2 wheat-germ based diet (Hunter et al., 1984) containing aureomycin (2.25 g l -1 ) and 3 streptomycin (0.25 g l -1 ). Thereafter, aseptic larvae were prepared by surface-4 sterilizing eggs (2% sodium hypochlorite with 100 µl l -1 Triton X100 and three 5 washes of sterile MilliQ water) and rearing on autoclaved diet in 50mm Petri dishes. 6 P. xylostella larvae were either reared on rifampicin diet (containing 500 µg ml spore/crystal suspensions were prepared in a 1000-fold dilution of an overnight 13 culture of Enterobacter sp. Mn2 (LB broth 30°C) isolated as described above. Diet 14 was allowed to dry before larvae were added. For determination of the toxicity of 15 purified protoxin, parents of the aseptically-reared larval progeny to be used were 16 reared on sterile artificial diet containing the antibiotics rifampicin and streptomycin 17 (100 µg g -1 diet for each). Eggs derived from these parents were surface sterilized as 18 described above and larvae were reared on sterile artificial diet containing rifampicin 19 and streptomycin (100 µg g -1 diet for each) Parents of non-sterile larvae, and these 20 larvae prior to exposure to protoxins, were reared on artificial diet without antibiotics 21 and with no attempt to disrupt vertical transmission of microbes. 22
23
Passage of DiPel derived strains in diamondback moth. 24
We selected for improved reproduction within hosts by passaging Btk rif R in P. 1 xylostella larvae in four independent evolutionary lineages. For each lineage we 2 inoculated ten Brassica pekinensis leaf discs by dipping in suspensions of 2000 spores 3 µl -1 . Leaf discs were air-dried and placed in 50mm Petri dishes with moistened filter 4 paper and five third instar larvae that had previously been reared on diet containing 5 500 µg ml -1 rifampicin. After seven days cadavers were homogenized in 500 µl 6 saline and plated onto BcSA containing 100 µg ml -1 rifampicin. Selection was 7 imposed by pooling cadavers from each Petri dish at homogenization, so that cadavers 8 with improved reproduction were better represented in the subsequent strain isolation. 9
We also selected between Petri dishes within a lineage, by propagating bacteria for 10 the next passage with approximately equal proportions of bacteria from the five plates 11 within highest Bt counts. Glycerol stocks were stored at -80°C after each passage. 12
13
Crystal toxin bioassays 14
Cry1Ac protoxins were expressed as crystals in E. coli, the crystals were purified 15 away from disrupted cells and stored at -80°C as described previously (Sayyed et al., 16 2005) . Bioassays were conducted with five concentrations and third-instar P. 17 xylostella larvae using discs of sterile artificial diet containing rifampicin and 18 streptomycin (100 µg g -1 diet for each). Streaking out of purified crystals revealed no 19 contamination with culturable bacteria. Each diet disc ( =24 mm, h=10 mm) was 20 immersed in a Cry1Ac protoxin suspension for 30 s and allowed to dry at room 21 temperature for 30 min. Suspensions were prepared using sterile distilled water with 22
Triton X-100 (50 µg ml -1 ). Control diet discs were immersed in sterile distilled water 23
with Triton X-100. Each diet disc was added to a sterile 50 ml sample bottle. cycler. The reaction conditions were 94°C for 4min followed by 30 cycles of 94°C 13 for 45s, 57°C for 45s and 72°C for 1m 20s. In order to establish the sensitivity of the 14 amplifications to bacterial DNA we ran positive controls with a 10-fold dilution series 15 of Enterobacter sp. Mn2 DNA. Control larvae that had been reared on antibiotic-free 16 diet, and fed on with Enterobacter sp. Mn2 -inoculated diet, were also used as 17 positive controls to test whether insect DNA or material was an inhibitor of the PCRs. 18 We did not attempt to amplify 16S rRNA genes from toxin-killed larvae as 7 § Larvae were rendered aseptic by treating the parental generation with antibiotics 8
(100 µg g -1 diet) and by surface sterilization of their eggs. 9 
